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High Entropy Nonlinear Dielectrics with Superior Thermally

Stable Performance

Yong-Jyun Wang, Hung-Chi Lai, Yu-Ang Chen, Rong Huang, Ti Hsin, Heng-Jui Liu,
Ruixue Zhu, Peng Gao, Cong Li, Pu Yu, Yi-Chun Chen, Jiangyu Li, Yi-Cheng Chen,

Jien-Wei Yeh, and Ying-Hao Chu*

A high configurational entropy, achieved through a proper design of
compositions, can minimize the Gibbs free energy and stabilize the
quasi-equilibrium phases in a solid-solution form. This leads to the
development of high-entropy materials with unique structural characteristics
and excellent performance, which otherwise could not be achieved through
conventional pathways. This work develops a high-entropy nonlinear
dielectric system, based on the expansion of lead magnesium niobate—lead
titanate. A dense and uniform distribution of nano-polar regions is observed
in the samples owing to the addition of Ba, Hf, and Zr ions, which lead to
enhanced performance of nonlinear dielectrics. The fact that no structural
phase transformation is detected up to 250 °C, and no noticeable change or a
steep drop in structural and electrical characteristics is observed at high
temperatures suggests a robust thermal stability of the dielectric systems
developed. With these advantages, these materials hold vast potential for

1. Introduction

In the push for next-generation technol-
ogy, unconventional materials with com-
plex compositions play a significant role
in achieving desired functionalities.!l For
example, designing novel high-entropy ox-
ides (HEO) for various applications has
been an intriguing research direction since
2015.12*1 With a synthetic multi-component
solid solution with more than five types of
cations, outstanding phase stability could
be achieved via the enhancement of con-
figurational entropy, especially for high-
temperature structures.[**! To date, various
novel HEOs have been successfully synthe-
sized, including solid electrolytes,!®! colos-

applications such as dielectric energy storage, dielectric tunability, and
electrocaloric effect. Thus, this work offers a new high-entropy configuration
with elemental modulation, with enhanced dielectric material features.

sal dielectric constants,”] Li-ion® and Na-
ion batteries,”! and CO,/CO catalysts,!
which not only leverage an ensemble of
properties from their multiple constituents
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but also offer numerous promising features superior to those of
known materials.

The configuration entropy of a mixture of components in-
creases with the addition of more equimolar principal elements
into the system; this phenomenon led to the concept of high
entropy. The addition of multi-components to a material is ex-
pected to result in a rearrangement of the interior microstruc-
ture and is accompanied by an evident change in the material
properties.l'!"13] For example, an increase in thermal stability
is more significant in high-entropy stabilized materials than in
others. Yang et al.'¥l have designed a high-entropy stabilized
Bi, Ti,0,-based dielectric film, and demonstrated that its energy
density (U,) could reach ~90 ] cm~ in the range of —100-150 °C.
Thus, this process maximizes energy storage performance in
a relatively high-temperature range. Sarkar et al.'®! have re-
ported on the reversible lithium storage properties of HEOs, and
demonstrated how the stabilization effect of high entropy could
bring significant benefits for storage capacity retention and cy-
cling stability. Thus, these studies have established remarkable
opportunities for gaining excellent energy storage performance
through multi-component designs. Therefore, the effect of com-
positional disorder on order parameter coupling in high-entropy
systems has become a critical area to be understood and invoked
various fundamental and applied interests. Disorder in atomic
arrangements has been realized as a vital concept to understand
the underlying physics of phenomena emerging from complex
interactions of order parameters.

To verify the aforementioned concepts, Pb(Mg,Nb)O,-PbTiO,
(PMN-PT) with multi-elements in ABO, is an excellent candi-
date for further investigation. Extensive research!'®'%] related
to PMN-PT has highlighted its wide-ranging physical proper-
ties, especially its excellent piezoelectric response. Various ap-
plications have been soon developed such as actuators,2°! ul-
trasonic transducers,?!l and energy harvesting devices.!?2] How-
ever, the relatively low curie temperature (%150 °C) of PMN-PT
severely constrains the operational temperature range and life
span under long-term usage. Introducing the high-entropy con-
cept with enhanced thermal stability promises an exciting direc-
tion to pursue new materials with improved functionalities. In
this work, ions of barium (Ba), hafnium (Hf), and zirconium (Zr)
were added to an initial PMN-PT configuration with elemental
modulation. We fabricated variously oriented single-crystal-like
(Pb,Ba,_,) (Mg 15Nby 3 Tiy o Hfy 55219 )05 (PMNTBHZO) films
on SrTiO; (STO) substrates, where x denotes the adjustable Ba
amount, [Ba]. One reason for the selection of Ba, Hf, and Zr is
that the choices for the B-site elements in perovskite dielectrics
are limited, considering the valence state. Furthermore, Hf and
Zr were selected because PbHfO,[?*! and PbZrO,[?*] are stable
perovskites with nonlinear dielectric properties and low leakage.
On the other hand, [Ba] helps enhance the A-site disorder ar-
rangement and further increases the overall configurational en-
tropy. With this consideration, in this work, Hf, Zr, and Ba were
selected and they were expected to establish a stable high en-
tropy. In a nutshell, the multi-component feature in the synthe-
sized system results in an increase in the overall configurational
entropy, leading to enhanced thermal stability. Specifically, the
more stable crystal structure can be ascribed to the high-entropy-
induced sluggish diffusion effect, which means that the diffusion
of individual elements in composites with higher configurational
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entropy of mixing should be slower than that in composites with
lower configurational entropy. However, the electrical properties
are usually strongly related to structural factors, especially for
non-linear dielectric materials. Therefore, this new solid solution
is expected to exhibit superior temperature stability of structural
and dielectric characteristics.

The epitaxial relationships between the films and substrates
were characterized by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). The severe lattice disorder led to the
disappearance of phase transformation and denser distribution
of nano-polar regions.[>2%] Considering this fact, various intrigu-
ing applications, based on these properties were further investi-
gated, as shown in Figure 1a; these include dielectric energy stor-
age, dielectric tunability, and electrocaloric (EC) effect. We iden-
tified a frequency-dependent dielectric constant for the relaxor
ferroelectric characteristic at different temperatures. In contrast,
the anisotropic behavior in the dielectric energy storage with ex-
cellent thermal stability was characterized by in situ electrical
measurements with temperature dependence, thereby broaden-
ing the practical applications of HEOs.

2. Results and Discussion

2.1. Structural Characteristics of Epitaxial HEOs

First, the structural characteristics of high-entropy PMNTHZO
and PMNTBHZO films on single crystal SrTiO; (STO) (100)
substrates were identified by XRD. The reciprocal space maps
(RSMs) of these two types of films around the (103) reflections
of STO (001) substrates are shown in Figures 1b,c, respectively.
Both RSMs exhibit spotty patterns for films and substrates, indi-
cating a single-crystal-like crystallinity in the HEOs with a clear
epitaxial relationship between the films and substrates. The in-
plane and out-of-plane lattice constants for (001)-oriented PMN-
THZO and PMNTBHZO films were calculated from the diffrac-
tion spots around STO (103) to be ~4.110 A. Moreover, the RSMs
of (013) reflections are also provided in Figure S1, Supporting In-
formation. The close reflections suggest the same in-plane lattice
parameters. It implies that the PMNTHZO and PMNTBHZO
films possessed a pseudocubic structure and presented a nearly
strain-relaxed state. Similar results were observed through XRD
0-26 scans for the PMNTHZO films grown on substrates with
various orientations, namely (100), (110), and (111), as shown in
Figure S2, Supporting Information; here all the films show ap-
proximately the same lattice constants. The phi-scans for these
differently oriented PMNTHZO films were also recorded along
(202), (200), and (200) reflections of STO (100), (110), and (111)
substrates. These films showed the same symmetry with the sub-
strates, confirming that all of them had excellent epitaxial re-
lationships. The epitaxy nature can also be observed through
cross-sectional TEM images (Figure S3, Supporting Informa-
tion). Moreover, the thermal influence on the structure is worth
investigating for this high-entropy system. The expansion of the
c-axis from the in situ high-temperature XRD analysis, illus-
trated in Figure 1d reveals the structural thermostability values
of PMNTHZO (yellow dots) and PMNTBHZO (blue dots); these
were compared to that of the synthesized parent phase of PMN-
PT (red dots). The abrupt increase in the c-axis for PMNTHZO
in Figure 1d suggests that the phase transition of PMNTHZO
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Figure 1. a) The schematic diagram of the epitaxial high entropy oxide relaxor thin film and related energy storage, dielectric tunability, and dye degra-
dation applications. b,c) The reciprocal spacing mapping of PMNTHZO and PMNTBHZO on STO substrate. d) Thermal expansion in the c-axis of

PMNTHZO and STO substrate with temperature dependence.

occurred at 270 °C, while the phase transition for the synthesized
PMN-PT can be observed at 200 °C. However, there is no no-
ticeable change for the c-axis of PMNTBHZO, meaning that [Ba]
significantly modulated the thermal stability up to higher than
350 °C. Furthermore, the phase of PMNTBHZO was stable even
ata temperature of 600 °C, as shown in Figure S4, Supporting In-
formation. This result suggests that the sluggish diffusion effect
in this multi-component system weakened the phase transition,
thereby causing a non-obvious change in the crystal structure.
With this structure, the thermal stability of the related electrical
properties is expected to be improved and render the structure
suitable for practical applications.

Furthermore, to examine the chemical homogeneity, interfa-
cial diffusion, and entropy-stabilized microstructures of the PM-
NTHZO and PMNTBHZO films on SrRuO, (SRO) coated STO
substrates, high-angle annular dark-field scanning transmis-
sion electron microscopy (HAADF-STEM) investigations were
conducted with atomic resolution and elemental sensitivity.
Figure 2a shows the atomically resolved energy dispersive spec-
troscopy (EDS) maps of all the elements in the PMNTBHZO thin
film. Pb and Ba atoms occupied the A-site, while Mg, Ti, Zr, Nb,
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and Hf atoms randomly occupied the B-site with slight fluctua-
tions, as has been already reported in the literature.?l These re-
sults unambiguously reveal the feature of high-entropy materials
composed of five elements at the same lattice site (here the B-site
atoms, i.e., Mg, Ti, Zr, Nb, and Hf). Considering the entropy-
stabilized structure and variant ionic radii for different ions, the
existence of nano-domain regions with relaxor-like polarization is
expected for the PMNTHZO and PMNTBHZO films. Figure 2b,c
shows a typical HAADF-STEM image and the corresponding po-
larization vector map of PMNTBHZO film along the [100] direc-
tion. Nano-domain regions with sizes of 1-5 nm can be clearly
distinguished, which are indicated by the dashed ellipses with
arrows of polarization direction. An enlarged nano-domain re-
gion is shown in Figure 2d, which shows the local polarization
direction. The diverse atomic displacements between the A and
B sites (in ABO; perovskite structure), distributed at different
nano-regions represent the typical characteristic of relaxor ferro-
electrics; this is explained by the polar slush model, which says
that chemical inhomogeneity with a significant lattice distortion
prohibits the polarization rotation and results in low-angle do-
main walls.[?’]
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Figure 2. a) Atomically resolved HAADF image and corresponding elemental mapping of the HEO thin film. b) A typical HAADF-STEM image and
c) corresponding polarization vector map of PMNTBHZO film along the [100] direction. d) An enlarged nano-domain region exhibiting the local polar-

ization direction.

2.2. Thermal Stability of Electrostatic Energy Storage of
PMNTHZO with Anisotropic Orientation and Influence of Ba
lons

Extensive studies revealed the enormous potential of ferroic
HEOs in electrostatic energy storage applications; this is because
a dense distribution of nano-domain boundaries not only serves
as a nano depletion region,”! but also increases the potential
barriers for charge transport, resulting in higher resistivity and
permittivity.2%3% Additionally, most ferroic HEOs benefit from
the complexity of composition with a significant lattice distortion,
possessing relaxor ferroelectric characteristics with large satu-
rated polarization (high U,) and slim hysteresis loop (high effi-
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ciency, #7);3132 these characteristics are favorable for their appli-
cation in dielectric energy storage. The long-standing bottleneck
for dielectric energy storage capacitors is their relatively small
U.. To solve this problem, previous researchers have reported
methods for increasing U,, which can be classified into two cate-
gories: 1) the use of additional components and 2) the incorpora-
tion of nano-domain modifications. Acharya et al.®3] synthesized
a Pb,Sr,_ HfO, thin film to gain a higher U, (=77 ] cm™3); Wang
et al.®* showed that (Bayos,S1,05)(Z1,,Tips)O; ultracapacitors
exhibited a high recyclable U, (%100 ] cm~3). These reports exten-
sively demonstrated how the additional components affected the
U, performance. On the other hand, modifying the nanodomain
is another effective way to increase U,. For example, Chen et al.l*]
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Figure 3. a) Temperature-dependence polarization (P)—voltage (V) hysteresis loops collected from PMNTHZO thin film on STO. b) Calculated energy
density and efficiency with temperature dependence. c) Ba-doped level dependence P-V hysteresis loops collected from PMNTHZO thin film on STO.
d) Calculated energy density and efficiency of c) with temperature dependence. e,f) Saturation and remnant polarization of the Ba-doped level dependence

P-V hysteresis loops.

showed that a high U, (>10 ] cm~3) could be obtained by using
high-entropy KNN-based ceramics. Pan et al.[2>323¢] reported ob-
taining ultra-high U, values by controlling the nano-domain de-
sign in BiFeO,-based materials. However, less attention was paid
to studying the thermal stability of performance, which is a crit-
ical parameter for practical applications and can be a significant
advantage of the high-entropy effect. Owing to the high power
and long-term usage, the internal thermal energy was not negli-
gible during the operation.

The indicators n and U, are essential to evaluate the perfor-
mance of high-entropy materials for high energy storage dielec-
tric capacitors. These are calculated from Equations (1) and (2)
below

Pr
Energy density = —P/ Edp (1)

max

dischargeable energy density

E t flici =
fergy storage etiiciency dischargeable energy + energy loss

Taking advantage of the nano-sized domains with low-angle
domain walls in PMNTHZO HEO, the energy loss in domain
switching was relatively low, resulting in a much smaller coercive
field than in classical ferroelectrics. The polar nano-regions were
sensitive to external bias; yet, they displayed relatively low rem-
nant polarization, and therefore, PMNTHZO presented a good
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performance in electrostatic energy storage. Although these polar
nano-domains have been proposed to be the primary mechanism
for an improved relaxor behavior, these were initially thought to
be below T,. Some more studies have also revealed that the crys-
tal orientation would influence the related properties. Notably, we
observed the excellent thermal stability of the PMNTHZO het-
erostructure. Figure 3a shows the temperature-dependent polar-
ization (P)-voltage (V) hysteresis loops of the PMNTHZO films
with a thickness of 400 nm. U, and # of the (100)-, (110)-,
and (111)-oriented PMNTHZO films were calculated and plot-
ted in Figure 3b. According to this figure, the (110)-oriented PM-
NTHZO film exhibited the most stable thermal stability in the
temperature range of 25-250 °C. Such an inconspicuous atten-
uation revealed the better thermal stability of the (110)-oriented
PMNTHZO film than that of either the (100)- or (111)-oriented
HEO films. On the other hand, to investigate the impact of the
Ba element, the P-V loops with [Ba] of up to 25% are plotted in
Figure 3c. At room temperature, the actual polarization behavior
of the PMNTHZO gradually changed from a ferroelectric state
to a relaxor one, with increasing [Ba]. This fact was verified via
the Curie-Weiss fitting in Figure S5, Supporting Information.
As a result, U,, #, saturation, and remnant polarization could
be modified, as shown in Figure 3d-f. Compared to the regu-
lar PMN-PT film (Figure S6, Supporting Information), U, and #
were improved. The variation in the energy storage performance
was reduced owing to the thermal stability, and the endurance
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Figure 4. Electrocaloric effect of PHMTHZO thin film. a) The temperature dependence P-V loops under 750 kV cm™'. b) The temperature-dependence
saturation polarization under different electric fields. The electric-field-driven c) entropy and d) temperature change under different electric fields.

temperature increased to 250 °C when [Ba] reached 18%, thus
showing excellent thermal stability. Moreover, a comparison with
other reported works is shown in Table S11*, Supporting Infor-
mation, which reveals no significant improvement for the syn-
thesized PMNTHZO and PMNTBHZO thin films compared to
other dielectric systems. These efforts suggest the significant po-
tential for gaining excellent energy storage performance through
the additional components and introduction of a high-entropy de-
sign. However, less attention was paid to studying the thermal
stability of performance, which is a critical parameter for practical
applications. This motivated us to focus more on this problem.
A <1% variation could be obtained for U, and # in the tempera-
ture range of 25-250 °C, suggesting robust thermal stability for
energy storage. Indeed, the thermal stability of the synthesized
HEO thin film was outstanding compared to that of others. For
the synthesized PMNTHZO and PMNTBHZO systems, the elec-
trical properties showed a significant improvement compared to
the original PMN-PT, confirming the phase transition. Owing to
their high-entropy stabilized structure, the synthesized PMNTB-
HZO and PMNTHZO films exhibited enhanced thermal stabil-
ity, which is beneficial for high-temperature and long-term oper-
ations. In summary, this led to the conclusion that adding Ba, Hf,
and Zr in the HEO system significantly minimized the influence
of temperature.

2.3. Electrocaloric Effect of PMNTBHZO Thin Film
In addition to energy storage, the demand for a highly effi-

cient and environmentally friendly solid-state cooling technol-
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ogy has been rising recently. Therefore, the concept of caloric ef-
fect has been rapidly developed, which refers to a change in the
temperature under an adiabatic application of external fields.’’!
This technique alters the traditional vapor-compression cooling
method, which offers an environmentally friendly pathway with-
out the involvement of harmful coolants. Based on the struc-
tural and electrical measurements, it was confirmed that Ba ions
could stabilize the transition behavior. The PMNTBHZO thin
film exhibited a non-obvious phase transformation compared to
the traditional ferroelectric materials. Thus, the electrocaloric ef-
fect was further explored to study the excellent thermal stability
of the PMNTBHZO film. The electric field was varied from 125
to 750 kV cm™ to investigate the performance under different
driving strengths. The temperature-dependent P-E curves un-
der an electric field of 750 kV cm™! are shown in Figure 4a, and
the temperature-dependent saturation polarization under differ-
ent electric fields is presented in Figure 4b. Compared to the
ferroelectric to paraelectric phase transformation of traditional
ferroelectric materials, the PMNTBHZO film retained the polar-
ization behavior of a typical relaxor body. Furthermore, the sat-
uration polarization increased with an increasing electric field.
Next, to quantify the performance of the EC effect, the caloric ef-
fect (electric field-induced AS, AT) was obtained by numerically
computing the following integrals

1 £/ 0Ps

AS =~ (ﬁ>dE (3)
18 T /9Ps

aT = -0 = (57) e “
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Figure 5. a,b) Comparison of the tunability and dielectric constant between HEO and BSTO thin film with orientation anisotropy, and c,d) with Ba-doped

level dependence.

It may be noted that the above equations need to be re-
vised for thin films. Thus, the values obtained from the cal-
culations are relative rather than absolute. Based on the analy-
sis, the temperature-dependent electric-field induced AS and AT
are shown in Figures 4c,d, respectively. The maximum AS was
~4.7 ] K-! Kg7! under 750 kV cm™!, and the maximum AT was
1.75 K under 500 kV cm™!. The smooth variation in AS and AT
with increasing temperature can be observed from the results,
which demonstrate that the HEO system could successfully of-
fer a comprehensive range of EC effects and potential for a broad
range of applications.

2.4. Temperature-Dependency of Dielectric Properties of
PMNTBHZO Thin Film and Influence of Ba lons

After realizing the polarization behavior of the high-entropy
films, attention was next paid to dielectric tunability, which
is significant in many practical applications such as tunable
antennas!®*®! and microwave circuits.?? The most common ma-
terial with a high dielectric tunability is Ba,Sr, ,TiO; (BSTO),
whose dielectric tunability is ~50%; this is significantly higher
than that of most nonlinear dielectric materials. However, its se-
vere performance drop in high-temperature operations hinders
its use in high-power and long-duration applications. Figure 5a
shows the temperature-dependent dielectric tunability of the PM-
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NTBHZO and Ba,5Sr,;TiO; (BSTO) films with the same thick-
nesses, but different orientations. The capacitance—electric field
(C-E) curves in Figure S7, Supporting Information, show that a
single peak appears at the zero electric field position. The (111)-
oriented PMNTBHZO film shows the most extensive tunabil-
ity, which could be regulated from 80% to 68% when the tem-
perature increased from room temperature to 200 °C. For the
BSTO film, the (110) orientation exhibits the most stable thermal
stability with an average tunability of ~50%, for a temperature
of up to 175 °C. The high-entropy PMNTBHZO film exhibited
larger tunability and superior thermal stability than the BSTO
film, offering a pathway to obtain enhanced physical properties
for multi-elemental designs. A similar situation can be observed
in the dielectric constant in Figure 5b. The dielectric constant of
(100)-oriented PMNTBHZO ranged from 1121 to 741 (33.8% de-
cay) when the temperature was up to 250 °C. However, the di-
electric constant of (100)-oriented BSTO film varied from 973 to
562 (42.2% decay) when the temperature increased to 175 °C.
The high-entropy feature increased the thermal stability and im-
proved the dielectric properties. Additionally, the influence of [Ba]
was also investigated and is shown in Figure 5c,d. A significant
decay in the tunability and dielectric constant could be seen with
an increase in [Ba], suggesting a practical pathway to finely cali-
brate the dielectric properties through an elemental control. Fur-
thermore, a comparison of the dielectric tunability between dif-
ferent dielectric systems is shown in Table S2['~*], Supporting
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Information, according to which, larger values of dielectric tun-
ability can be seen in the synthesized PMNTHZO and PMNTB-
HZO films. Moreover, the thermal stability and temperature en-
durance were also enhanced by the introduction of a high-entropy
design.

3. Conclusion

In this study, we presented a new group of HEOs, namely the
PMNTHZO relaxor ferroelectric films, with high electrostatic en-
ergy storage capacity, electrocaloric effect, and dielectric tunabil-
ity. The fabricated PMNTHZO and PMNTBHZO films presented
single-crystal-like crystallinity with uniform elemental distribu-
tion and polar nano-regions with varying polarization directions.
In terms of electrostatic energy storage, the films exhibited out-
standing energy density (6 ] cm~3) and thermal stability of stor-
age efficiency (remained 65% at 175 °C), thus making them a
promising choice for high-temperature energy storage. This per-
formance can be ascribed to numerous polar nano-domains in-
side the films containing low-angle domain walls with high mo-
bility that are sensitive to an external bias and yet have consider-
ably small remnant polarization. Moreover, we investigated the
influence of Ba ions on electrostatic energy storage. It is evident
that the additional Ba ions significantly stabilized energy density
and efficiency with temperature. Furthermore, the performance
was improved when the Ba addition was 18% owing to the im-
proved electrostatic energy storage behavior (energy density of
10 J cm™ and storage efficiency of 82% at 250 °C). The elec-
trocaloric effect of the HEO thin film was studied next to com-
pare the same with that of conventional ferroelectric or antifer-
roelectric materials. In contrast to the noticeable ordinary phase
transformation, the HEO thin film showed no critical transition
temperature in the results of structural and electrical measure-
ments. The electric field-driven AS and AT showed a stable be-
havior even when the temperature exceeded 175 °C, suggesting
very high thermal stability for more practical uses. Finally, the di-
electric tunability of the HEO film was also investigated, along
with the influence of Ba ions. Compared to the BSTO thin films,
the PMNTBHZO thin film showed a larger dielectric tunability
of more than 10%. Moreover, the thermal stability was also con-
spicuously improved with a temperature tolerance of greater than
250 °C, which can be attributed to the intrinsic merit of high en-
tropy. Finally, this study utilized the advantage of structural and
electrical stability of HEOs for electrostatic energy storage, elec-
trocaloric effect, and dielectric tenability, and shed light on ex-
ploring the novel HEOs for improved dielectric functionalities.

4. Experimental Section

Sample Preparation: The PMNTHZO/SRO/STO thin films were fabri-
cated via pulsed laser deposition with commercial PMNTHZO and SRO
targets (SRO was the bottom electrode for electrical analysis). Commercial
STO single crystals were used as the substrates. The vacuum chamber was
evacuated to a pressure of 1x 1078 Torr before deposition. First, SRO was
grown on the substrate at 680 °C under 100 mTorr of O, pressure. Sec-
ond, PMNTHZO was deposited under the same pressure when the sub-
strate was cooled down to 580 °C. Finally, the annealing process was op-
erated at 580 °C with 100 Torr of O, pressure, followed by a cooling rate of
0.3 °C s7'. To fabricate PMNTBHZO thin film, the dual-target deposi-
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tion on STO (100) with PMNTHZO and BHZO targets was adopted. The
pulsed number of the laser can control the amount of additional Ba. First,
SRO was grown on the substrate at 680 °C under 100 mTorr of O, pressure.
Second, dual-target deposition for PMNTHZO and BHZO was conducted
under the same pressure when the substrate was cooled down to 580 °C.
Finally, the annealing process was operated at 580 °C with 100 Torr of O,
pressure, followed by a cooling rate of 0.3 °C's™".

X-ray Diffraction:  High-resolution XRD techniques were performed to
verify the crystal structures and epitaxial relationships of the HEO films.
Typical 6-26 scans along surface normal directions of substrates were car-
ried out by Bruker D2 Discover System with Cu Ka X-ray (4 = 1.5406 A).
RSMs and phi-scans were recorded using Bruker D8 advance XRD system
with the same X-ray source. The RSMs were plotted in the reciprocal lattice
units normalized to the d-spacings of STO substrates.

Transmission  Electron ~ Microscopy ~Characterization and  Analysis:
HAADF-STEM images and EDS mapping were acquired on a JEOL
ARM300, capable of recording high-resolution STEM images with a
spatial resolution of 63 pm. The microscope was equipped with a double
spherical aberration (CS) corrector and an X-ray energy dispersive spec-
trometer (JED-2300 Series) with two 158 mm? Silicon Drift Detectors
(SDD). HAADF image was acquired with a probe convergence angle of
24 mrad and a collection angle of ~64 mrad. In the present STEM-EDS
characterization, a fine electron probe was used. The CL aperture was 30
um with a probe current of about 35 pA. The samples were robust under
the present experimental conditions. The total collection time was 15 min.
To calculate the unit-cell-wise polarization, the position of each cation
was determined by simultaneous fitting with 2D Gaussian peaks using
MATLAB code.[*’] Then the map of the displacement vector between A
and B sites (for ABO; perovskite structure) can be extracted accordingly.

Electrical Properties: The P-V measurements were performed under
100 mV AC voltage, 1 kHz AC frequency, and the voltage was measured
from 40 to —40 V. The in situ temperature-dependent electrical properties
were measured by a commercial instrument for ferroelectric properties
(TFAnalyzer3000, aixACCT Systems).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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